INTRODUCTION
============

Myotonic dystrophy type 1 (DM1) is a triplet-repeat disease originating from a progressive expansion of the CTG repeat (CTG^exp^) in the 3′-untranslated region of the *DMPK* gene ([@gkt330-B1]). The expanded *DMPK* gene produces a toxic RNA transcript (CUG^exp^ containing RNA) that does not exit the nucleus but associates with proteins. One of these proteins, muscleblind-like 1 protein (MBNL1), is an important regulator of alternative splicing ([@gkt330-B2]). Sequestration of MBNL1 in nuclear foci leads to multiple mis-spliced pre-mRNAs, incorrect protein levels and ultimately the disease ([@gkt330-B3]). In a mouse model of DM1, a morpholino antisense oligonucleotide (ASO) ([@gkt330-B1]), a 2′-*O*-(2-methoxyethyl) ASO ([@gkt330-B4]) and a [d]{.smallcaps}-amino acid hexapeptide (ABP1) ([@gkt330-B5]) reversed this process, rescued normal splicing and reversed the phenotype in mice thereby validating CUG^exp^ as a therapeutic target. Because no drugs are currently available to treat DM1, there is intense interest in finding small molecules that may function in a manner similar to the morpholino antisense oligonucleotides, but avoid the limitations inherent in the antisense therapeutic approach ([@gkt330-B6]). Pentamidine ([@gkt330-B7]), benzo\[g\]quinolone heterocycle derivatives ([@gkt330-B8]), a Hoechst derivative (H1) ([@gkt330-B9]) and modularly assembled Hoechst 33258 ([@gkt330-B10]) are examples of bioactive CUG^exp^ binders that are able to restore MBNL1 function in DM1 cell and animal models.

Central to the discovery of new and improved therapeutic agents for DM1 is to understand how small molecules bind CUG^exp^ and the mechanism by which they block the MBNL1 binding. Previously, we and others have analyzed the MBNL1--CUG^exp^-inhibitor system using a competitive inhibition model and have used bulk solution techniques to analyze the equilibrium binding. However, these bulk solution methods usually require large sample volumes and have low sensitivity. Most importantly, these techniques do not provide the kinetic information that can be vital for accelerating drug discovery and development ([@gkt330-B11]) and sometimes do not give a full thermodynamic picture. Surface-based biosensors provide kinetic information, directly in real-time with a fast response and high sensitivity, by measuring the interaction between an immobilized macromolecule and its soluble binding partner. The localized surface plasmon resonance (LSPR) technique, in particular, is developing rapidly into a powerful method ([@gkt330-B12]). Nonetheless, the SPR techniques are model dependent and can have difficulties distinguishing different analytes, for example, a protein from an inhibitor ([@gkt330-B13]).

The lack of a suitable method for studying the MBNL1--CUG^exp^ interaction and its inhibition by small molecules means that the overall complexation process remains largely unexplored. The same holds true for many other systems where it is desirable to disrupt off-pathway protein--RNA interactions without affecting the biologically important function of the protein. To aid our drug discovery program and provide a potentially general approach to study RNA--protein inhibition, we developed a single-molecule method to analyze the MBNL1--CUG^exp^-inhibitor system. The major advantage of our model-independent approach is the ability to detect and measure the individual binding events in real-time under equilibrium conditions ([@gkt330-B14]). Analyzing the distributions of bound and free states gives the most reliable on and off rates and a full picture of the inhibition process ([@gkt330-B15],[@gkt330-B16]).

Herein, we describe the use of total internal reflection fluorescence (TIRF) microscopy to study, at the single-molecule level, the inhibition of MBNL1 binding to CUG repeat by known small molecule inhibitor **1** ([Figure 1](#gkt330-F1){ref-type="fig"}). The synthesis of dimeric inhibitor ligand **2**, based on structure **1**, is described and evaluated using the TIRF method. Ligand **2** was shown to be bioactive in DM1 cell models (data will be published elsewhere). Both compounds are found to bind RNA at the same time as MBNL1, indicating that the inhibition of MBNL1--CUG^exp^ interaction does not follow a simple competitive mechanism. Rather than competitive steric blocking of the MBNL1 complexation site on CUG repeat, it seems the ligands are accelerating the dissociation of the protein. Figure 1.Compounds **1--4** used in this study.

MATERIALS AND METHODS
=====================

Instrumentation and chemicals
-----------------------------

All reagents were purchased from commercial suppliers and were used without further purification. Anhydrous solvents were obtained from an anhydrous solvent dispensing system. For all reactions using anhydrous solvents, glassware was oven-dried, cooled under vacuum and then purged with dry nitrogen; all reactions were conducted under dry nitrogen. Purified compounds were further dried under high vacuum (0.01--0.05 Torr) or lyophilized using a Labconco lyophilizer. Yields refer to purified and spectroscopically pure compounds. Nuclear magnetic resonance (NMR) spectra were recorded at 23°C on either Varian Unity 500 or Varian Unity Inova 500NB, operating at 500 and 125 MHz for ^1^H and ^13^C acquisitions, respectively. NMR spectra were processed using MestReNova software. Chemical shifts are reported in ppm and referenced to the corresponding residual nuclei in the following deuterated solvents: CDCl~3~ (7.26 ppm ^1^H, 77.16 ppm ^13^C); dimethyl sulfoxide (DMSO) (2.50 ppm ^1^H, 39.52 ppm ^13^C); D~2~O (4.79 ppm ^1^H); and CD~3~OD (3.31 ppm ^1^H, 50.41 ppm ^13^C). Multiplicities are indicated by s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), sext (sextet), dd (doublet of doublets), ddd (doublet of doublet of doublets), td (triplet of doublets), dt (doublet of triplets), m (multiplet) and b (broad). Integration is provided, and coupling constants, *J*, are reported in Hertz (Hz). Electrospray ionization (ESI) mass spectra were recorded using the Quattro or ZMD mass spectrometer. High-resolution mass spectra (HRMS) were obtained at the University of Illinois mass spectrometry facility. All compounds described herein gave NMR and mass spectral data in accord with their structures. Ligands **1** and **2** gave an HRMS within 5 ppm of calculated values.

**9 -((4 -((4,6-Diamino-1,3,5-triazin-2-yl)amino)butyl)amino)-*N*-methylacridine-2-carboxamide (**[@gkt330-B1]**).** A round-bottom flask, equipped with a stir bar, was charged with **S5** (290 mg, 1.07 mmol, 1 eq) and **S1** (233 mg, 1.18 mmol, 1.1 eq) (compounds **S1** and **S5** and synthetic scheme are shown in [Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt330/-/DC1)). N,N-diisopropylethylamine (DIPEA) (305 mg, 2.36 mmol, 2.2 eq) and anhydrous N,N-dimethylformamide (DMF) (20 ml) were added. The solution was heated at 70°C for 5 h. The solvent was removed by rotary evaporation, and the product was purified via flash chromatography (basic alumina; DCM:methanol:NH~4~OH, 95:4.9:0.1 to 85:14:1) to yield a yellow solid (377 mg, 0.76 mmol, 71%). ^1^H NMR (500 MHz, methanol-*d~4~*) δ 8.91 (s, 1H), 8.33 (d, J = 8.6 Hz, 1H), 8.02 (dd, J = 9.1, 1.9 Hz, 1H), 7.85 (t, J = 7.6 Hz, 2H), 7.75--7.68 (m, 1H), 7.42--7.35 (m, 1H), 4.03 (t, J = 7.2 Hz, 2H), 3.37--3.33 (m, 2H), 3.00 (s, 3H), 1.93 (p, J = 7.4 Hz, 2H), 1.70 (p, J = 7.2 Hz, 2H); *m/z* HRMS (ESI) calculated for \[M + H\]^+^: 432.2260; found 432.2267.

***N,N′*-((Propane-1,3-diylbis(azanediyl))bis(propane-3,1-diyl))bis(9 -((4 -((4,6-diamino-1,3,5-triazin-2-yl)amino)butyl)amino)acridine-4-carboxamide) (**[@gkt330-B2]**).** A round-bottom flask, equipped with a stir bar, was charged with **S12** (310 mg, 0.261 mmol, 1 eq). (compound **S12** and synthetic scheme are shown in [Supplementary Figures S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt330/-/DC1) and [S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt330/-/DC1)). trifluoroacetic acid (TFA) (30 ml) and anhydrous DCM (70 ml) was added, and the mixture was stirred at room temperature for 2 h. The solvents were removed to afford a yellow solid (437 mg, 0.261 mmol, 100%). ^1^H NMR (500 MHz, deuterium oxide) δ 8.34 (d, J = 8.3 Hz, 2H), 8.17 (d, J = 8.3 Hz, 2H), 8.11 (d, J = 7.4 Hz, 2H), 7.78 (t, J = 7.7 Hz, 2H), 7.52 (d, J = 8.3 Hz, 2H), 7.48--7.39 (m, 4H), 4.07 (t, J = 6.8 Hz, 4H), 3.58 (t, J = 6.7 Hz, 4H), 3.37--3.29 (m, 4H), 3.26 (t, J = 5.9 Hz, 8H), 2.31 (s, 2H), 2.14--2.08 (m, 4H), 1.98--1.91 (m, 4H), 1.71--1.65 (m, 4H); elemental analysis, calculated for C~63~H~70~F~18~N~20~O~14~: C, 45.22%; H, 4.22%; F, 20.44%; N, 16.74%; found: C, 45.15%; H, 4.20%; F, 20.09%; N, 16.46%, *m/z* HRMS (ESI) calculated for \[M + H\]^+^: 989.5599; found 989.5590.

MBNL1N plasmid and RNA
----------------------

The expression vector pGEX-6 p-1/MBNL1N was obtained from Maurice S. Swanson (University of Florida, College of Medicine, Gainesville, FL, USA) ([@gkt330-B17]). MBNL1N comprises the four zinc-finger motifs of MBNL1, the RNA-binding module of MBNL1 ([@gkt330-B17]). It contains a 6xHis tag at the C-terminus and the Glutatione S-transferase (GST) tag at the N-terminus. MBNL1N binds RNA with similar affinity as the full-length MBNL1, but it does not form oligomers characteristic of the full-length protein ([@gkt330-B17]). It is referred to as MBNL1 throughout this article for the sake of simplicity. All the oligonucleotides were purchased from Integrated DNA Technology and were high-performance liquid chromatography purified. The sequences and modifications for RNA constructs used in this study are shown in [Supplementary Note S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt330/-/DC1).

MBNL1N protein expression and purification
------------------------------------------

Using BL21-CodonPlus(DE3)-RP competent cells (Stratagene), the expression of MBNL1N protein was induced with 1 mM isopropyl-beta-D-thiogalactopyranoside (IPTG) at OD~600~ 0.6 in Lysogeny Broth (LB) media with ampicillin for 2 h at 37°C. Bacterial cells were collected by centrifugation and were then resuspended in a lysis buffer containing 25 mM Tris--Cl (pH = 8), 0.5 M NaCl, 10 mM imidazole, 2 mM beta-mercaptoethanol (BME), 5% glycerol, 0.1% Triton X-100, 2 mg/ml lysozyme, 0.1 mM phenylmethanesulfonylfluoride (PMSF), 1 µM pepstatin and 1 µM leupeptin and sonicated six times for 15 s each. The cell pellet was centrifuged, and the clarified lysate was collected and filtered through a 45-µm Millex Filter (Millipore). To purify MBNL1N, Ni-Nitrilotriacetic acid (NTA) agarose (QIAGEN) was incubated with the lysate for 1 h at 4°C and washed with a washing buffer containing 25 mM Tris--Cl (pH = 8), 0.5 M NaCl, 20 mM imidazole and 0.1% Triton X-100, followed by elution with elution buffer of 25 mM Tris--Cl (pH = 8), 0.5 M NaCl, 250 mM imidazole and 0.1% Triton X-100. The eluate containing the GST fusion 6xHis-MBNL1N was dialyzed against phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na~2~HPO~4~ and 2 mM KH~2~PO~4~, pH 7.4), for SPR studies. The molecular weight was confirmed by Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry, and the concentration was determined by Bradford assay.

Preparation of Cy3-MBNL1 protein for TIRFM study
------------------------------------------------

The GST fusion protein was incubated with Glutathione Sepharose 4B (GE Healthcare) for 1 h at 4°C. After washing with a buffer containing 25 mM Tris--Cl (pH = 8), 300 mM NaCl, 5 mM BME and 0.1% Triton X-100, the beads were collected and incubated with PreScission Protease (GE Healthcare) overnight at 4°C. After being cleaved from the beads, the protein was collected in the flow-through of the column. Fluorescent labeling of MBNL1 was performed by coupling Cy3 mono-reactive NHS esters (GE Healthcare) to the N-terminal amine group at pH 7.0 ([@gkt330-B18]). MBNL1 was mixed with a 12.5-fold molar excess of the Cy3 mono-reactive NHS ester in potassium phosphate buffer (62 mM K~2~HPO~4~, 38 mM KH~2~PO~4~, pH 7.05, 100 mM NaCl and 1 mM dithiothreitol (DTT)) for 10 min at room temperature. The reaction mixture was incubated for 12 h at 4°C. The labeling reaction was terminated by the addition of 50 mM Tris--HCl, pH 7.5. Cy3-labeled MBNL1 was separated from the free dye using PD SpinTrap G-25 column (GE healthcare). The ratio of dye incorporated per protein molecule was determined to be 1.1 mol Cy3 per 1 mol MBNL1.

Surface plasmon resonance analysis
----------------------------------

Detailed experimental procedure can be found in the [Supplementary Methods](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt330/-/DC1).

Steady-state fluorescence-based--binding assays
-----------------------------------------------

To determine the equilibrium parameters for binding of **1** and **2** to CUG^exp^, we followed quenching of TAMRA in TAMRA-(CUG)~6~ at various ligand concentrations. The assays were performed using a Cary Eclipse Fluorescence Spectrophotometer (Varian). TAMRA-(CUG)~6~ was excited at 560 nm, and its emission was recorded at 590 nm. Stoichiometric titrations were carried out at 20°C in PBS, 1× buffer. The baseline fluorescence was recorded before addition of 20 nM TAMRA-(CUG)~6~. Increase in the fluorescence was recorded and attributed to the fluorescence of TAMRA-(CUG)~6~. On addition of each aliquot of **1** or **2**, the fluorescence signal was allowed to equilibrate, recorded for 5 min and averaged. Titration was continued at a series of increasing final concentrations of the ligand until the fluorescence was completely quenched. Fluorescence intensities at different concentrations of **1** (1.95. 3.91, 7.81, 15.6, 31.4, 62.8, 94.2, 125.6, 157, 500 and 1000 µM) and **2** (39, 90, 210, 300, 390, 480, 570, 660, 750, 840 and 1250 nM) were fit to the following equation using Kaleidagraph software: where *K*~D~ is the dissociation binding constant, \[L\] is the ligand concentration, n is the Hill coefficient and *F*~0~ and *F*~max~ are the fluorescence intensity of free and fully bound RNA, respectively. In the control experiment, ligands **1** and **2** had no effect on the fluorescence intensity of the free TAMRA.

Reaction conditions for the single-molecule assay
-------------------------------------------------

Biotinylated (CUG)~4~ or (CUG)~12~ were immobilized on a quartz surface, which was coated with polyethylene glycol to eliminate non-specific surface adsorption of proteins. The immobilization was mediated by biotin--neutravidin interaction between biotinylated Cy5-labeled (CUG)~4~, neutravidin and biotinylated polymer (polyethylene glycol (PEG), MW = 5000). Standard PBS buffer contained the oxygen scavenging system consisting of 1 mg/ml glucose oxidase, [d]{.smallcaps}-glucose (0.4%, w/v), 2-mercaptoethanol (1%, v/v) and 0.04 mg/ml catalase. Immobilization of 50 pM of each oligonucleotide allowed for detection of 100--600 individual molecules per slide. Cy3-labeled MBNL1 was then added and incubated for 5 min at 25°C in the standard PBS, 1× buffer in the absence or presence of the indicated concentrations of **1** and **2**. Sample excitation and data recording were initiated after all components of the MBNL1-- (CUG)~4~-inhibitor system were allowed to equilibrate in the TIRFM sample chamber. The presence of ligands had no effect on the fluorescence intensity of the Cy3-labeled MBNL1.

Single-molecule data acquisition and analysis
---------------------------------------------

TIRFM was used to excite fluorophores present near the surface, within the evanescent field. Cy3 fluorescence was excited by a DPSS laser (532 nm, 75 mW), whereas diode laser (641 nm, 100 mW) was used for direct Cy5 excitation. The fluorescence signals originated from the Cy3 and Cy5 dyes were collected by a water immersion ×60 objective, separated by a 630 nm dichroic mirror, passed through a 550 nm long-pass filter to block out laser scattering and detected by EMCCD camera with a time resolution of 100 ms. Single-molecule fluorescence trajectories were extracted from the recorded video file by IDL software. The collected trajectories were visualized using an in-house MATLAB program and were validated for the presence of the Cy5 signal by visual inspection of the acquired data. The Cy3 excitation regions of all individual trajectories were fit to the two-state model using the QuB software. This fitting generated the dwell times in the bound (ON) and free (OFF) states of the immobilized RNA molecules, which were binned and plotted as the histograms. The resulting ON and OFF event distributions were globally fit to exponential decay functions or to models described by [Equations (1)](#gkt330-M1){ref-type="disp-formula"} and [(2)](#gkt330-M2){ref-type="disp-formula"} using Prism 4.0 software to obtain the kinetic parameters.

RESULTS
=======

Design and synthesis of small molecules
---------------------------------------

Our previous studies validated **3** ([Figure 1](#gkt330-F1){ref-type="fig"}) as a selective CUG binder, which was able to inhibit the MBNL1--CUG interaction with an apparent IC~50~ = 52 ± 20 µM ([@gkt330-B21]). Because the ultimate RNA target is CUG^exp^, a logical way to increase the selectivity and potency of this lead compound is to use the multivalent effect ([@gkt330-B22]). Disney and co-workers ([@gkt330-B23]) successfully applied this approach to the Hoechst 33258 ligand, which was known to bind CUG with modest selectivity. Because the rationally designed ligand **3** already exhibited a high affinity to (CUG)~4~ and showed excellent selectivity, we initially pursued a dimeric ligand.

The covalent linkage of ligand **3** to itself or other compounds required a functional derivative. The three possible sites for covalent modification of **3** are the acridine ring, the triaminotriazine recognition unit or the linking chain. The most expeditious synthetic approach used an acridine ring containing a carboxylic acid group to interconnect two ligands. It was found that the chloro- and methoxy-groups in **3** could be replaced with a 2- or 4-carboxamido group (see **1** and **4** in [Figure 1](#gkt330-F1){ref-type="fig"}, respectively) without altering its affinity for CUG or its inhibition of the MBNL1--CUG complex. Limited by the absence of structural data on the ligand--CUG^exp^ complex, we designed and synthesized a small library of dimeric ligands that could potentially bind to consecutive CUG sites. This study, which will be published elsewhere, led us to **2** as the optimized dimeric ligand used in the current study ([Figure 1](#gkt330-F1){ref-type="fig"}). Ligand **2** was designed to target two consecutive UU mismatches, with the *N*,*N′*-bis(3-aminopropyl)-1,3-propanediamine linker spanning two central GC base pairs. Although the binding mode was not firmly established for **3**, it was designed to act as a 'stacked intercalator' with the acridine and triaminotriazine rings π-stacked while the intercalator sits between the GC base pair and the U--triaminotriazine--U base triplet ([@gkt330-B21]). A recent combined experimental and computational study provides support for that binding model in the major groove of the CUG RNA ([@gkt330-B24]). By positioning the linking chain and triaminotriazine recognition units on opposite sides of the acridine unit, the bivalent complex likely requires a threading mechanism for binding ([@gkt330-B25]). This design element was intentional with the goal of increasing the binding affinity through a higher residence time ([@gkt330-B26],[@gkt330-B27]).

Establishing a TIRFM-based assay to monitor the MBNL1--(CUG)~n~ interaction
---------------------------------------------------------------------------

To investigate binding of MBNL1 to (CUG)~n~ and the effect of **1** and our bioactive dimeric ligand, **2**, on MBNL1--(CUG)~n~ interaction, we developed a TIRFM-based single-molecule--binding assay ([@gkt330-B28],[@gkt330-B29]). A stem--loop (5′-bio-GCUGCUG[UGCG]{.ul}CUGCUG-3′) containing two CUG pairs separated by a tetraloop (underlined), (CUG)~4~, was used as an RNA substrate to analyze the MBNL1 binding. This RNA construct has been previously established as the shortest CUG repeat to which MBNL1 binds with a similar affinity as to the long CUG repeats ([@gkt330-B30]). The predicted stem--loop structure of (CUG)~4~ has been confirmed by melting studies (*T*~m~ = 60.6 ± 0.6) ([@gkt330-B30],[@gkt330-B31]). Although (CUG)~4~ is much shorter than typical (CUG)*~n~*~\>\ 50~ structure, it forms a hairpin structure characteristic of (CUG)^exp^; thus, it is the shortest validated CUG repeat model that can be used in biochemical analysis. Moreover, it contains only one MBNL1-binding site per RNA molecule, which simplifies analysis of the association/dissociation events. Validation of the single-site binding is described in the next section later in the text.

We followed the binding of Cy3-labeled MBNL1 to, and its dissociation from, individual (CUG)~4~ RNA molecules. Biotinylated and Cy5-labeled (CUG)~4~ was immobilized on a PEG-coated surface of the TIRFM flow chamber via biotin--neutravidin interaction ([Figure 2](#gkt330-F2){ref-type="fig"}a, left). First, locations of the surface-tethered (CUG)~4~ molecules were identified by illuminating the slide with red laser (641 nm), which selectively excited the Cy5 fluorophore present on (CUG)~4~. Then, the laser was switched to green (532 nm) to monitor binding of Cy3-labeled MBNL1 to (CUG)~4~ ([Figure 2](#gkt330-F2){ref-type="fig"}a, right). We followed MBNL1--(CUG)~4~ interaction in real-time, with a time resolution of 100 ms. In this experimental scheme, the surface-tethered (CUG)~4~ and Cy3-labeled MBNL1 are at equilibrium during the length of the measurement. TIR-generated evanescent field excites only the Cy3-labeled MBNL1 molecules that reside near the surface longer than two frames of the camera, which only occurs when MBNL1 is bound to the surface-tethered (CUG)~4~. This mode of excitation eliminates the background fluorescence of Cy3-MBNL1 in solution and thereby allows monitoring MBNL1--(CUG)~4~ interactions over a broad range of MBNL1 concentrations. Figure 2.Single-molecule analysis of MBNL1 binding to (CUG)~4~. (**a**) (CUG)~4~ was immobilized on a PEG-coated surface of the slide via biotin--neutravidin interaction. The experiment was carried out in two steps: (i) positions of (CUG)~4~ molecules on the slide were triangulated by exciting Cy5 label of (CUG)~4~ with a red laser and (ii) MBNL1--(CUG)~4~ interaction was monitored using green TIR illumination. On binding to (CUG)~4~, Cy3 label on MBNL1 is excited, as it is sequestered within the evanescent field. (**b**) Representative Cy3 (green) and Cy5 (red) fluorescence intensity trajectories from an individual (CUG)~4~ molecule. Arrows 1 and 2 depict periods of red and green excitation, respectively. ON and OFF events are indicated on the right.

Each event of MBNL1 binding to the surface-tethered (CUG)~4~ was observed as the appearance of a Cy3 signal at the location where (CUG)~4~ resided. Conversely, dissociation of MBNL1 from (CUG)~4~ resulted in the disappearance of the Cy3 signal. Fluorescence trajectories ([Figure 2](#gkt330-F2){ref-type="fig"}b) showed multiple events of a two-state (ON and OFF) association and dissociation process. The presence of only two states indicates that each observed event corresponded to binding of a single MBNL1 to a single (CUG)~4~. To confirm that potential non-specific interaction of MBNL1 with the surface does not interfere with our analysis, we substituted Cy5-labeled (CUG)~4~ with Cy5-labeled streptavidin. Only a few fluorescence trajectories showing both Cy5 and Cy3 signals were observed in the presence of 300 pM Cy3-MBNL1 \[∼5% of what was observed in the presence of Cy5-labeled (CUG)~4~\], confirming that the vast majority of binding events described earlier in the text resulted from specific MBNL1--(CUG)~4~ interaction. Analysis of the Cy3-MBNL1--(CUG)~4~ interaction in the presence of unlabeled MBNL1 confirmed that MBNL1-binding properties were not affected by the Cy3 conjugation ([Supplementary Figure S9](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt330/-/DC1)).

The Cy3 (green laser excitation) regions of the trajectories were fit to a two-state model using QuB software ([@gkt330-B32]) ([Supplementary Figure S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt330/-/DC1)) yielding dwell times in the OFF (dissociated) and ON (bound) states. We determined kinetic parameters of MBNL1 binding to the surface-tethered (CUG)~4~ by globally analyzing distributions of ON and OFF dwell times in the presence of different concentrations of MBNL1 protein. All protein concentrations (50, 100, 150, 200, 300 and 400 pM) were used to determine the dissociation rate constant, whereas the association rate constant was determined using only 50--200 pM range of concentrations, which gave a linear dependence of the observed association rate on MBNL1 concentration. [Figure 3](#gkt330-F3){ref-type="fig"}a and b show individually fit ON and OFF time distributions obtained in the presence of 50 and 200 pM MBNL1, respectively. Global analyses of the dwell distributions yielded the dissociation rate constant for MBNL1--(CUG)~4~ complex, *k*~−1~ = 1.44 ± 0.3 s^−1^, and association rate constant, *k*~1~ = (4.6 ± 0.2) × 10^8^s^−1^ M^−1^, from which we calculated the equilibrium dissociation constant, *K*~D1~*= k*~−1~/*k*~1~ = 3.1 ± 0.1 nM. Figure 3.(**a**) Distributions of all ON (left) and OFF (right) event durations detected in the 50 trajectories of individual (CUG)~4~ molecules are fit to single exponentials to yield *k*~−1~ (\[MBNL1\] = 50 pM) and *v*~on~ (\[MBNL1\] = 200 pM), respectively. (**b**) Effect of MBNL1 concentration on the *k*~−1~ and *v*~on~ of the observed events is shown. *k*~−1~ (dissociation rate constant) was independent of \[MBNL1\], suggesting the absence of functional cooperation between monomers. Initially, *v*~on~ (association rate) increased with increasing \[MBNL1\]. It was saturated at the MBNL1 concentrations \>200 pM.

Stoichiometry of the MBNL1--(CUG)~n~ interaction
------------------------------------------------

Biotinylated (CUG)~12~ can simultaneously accommodate multiple Cy3-labeled MBNL1 molecules. Its Cy3 trajectories contained five states characterized by different Cy3 intensities ([Figure 4](#gkt330-F4){ref-type="fig"}a). An intensity histogram showed that there are three major Cy3 intensity populations consistent with the binding of one (∼196 a.u.), two (∼332 a.u.) and three (∼458 a.u.) MBNL1 proteins to the (CUG)~12~. A small fourth peak (∼632 a.u.) may represent more than one Cy3 label present on a fraction of MBNL1 molecules (Cy3 labeling efficiency of MBNL1 was 110%). Stoichiometry determination assay using SPR confirmed a stoichiometric ratio of MBNL1:(CUG)~12~ close to 3:1 ([Supplementary Figure S10](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt330/-/DC1)). Figure 4.Each (CUG)~4~ can accommodate a single-MBNL1 protein, whereas three MBNL1 proteins can be simultaneously bound to (CUG)~12~. (**a**) Schematic representation of (CUG)~12~ (left). (**b**) Schematic representation of (CUG)~4~. Representative fluorescence intensity trajectories for (MBNL1)~3~--(CUG)~12~ (a) and MBNL1--(CUG)~4~ (b) are shown in the middle (light green line shows the raw data collected at 100 ms time resolution, dark green line shows intensity averaged for nine data points). The fluorescence intensity histogram compiled from the trajectory is shown on the right (aqua) and is fit to five Gaussian peaks (black lines), corresponding to stepwise increase in (CUG)~12~ occupancy by MBNL1 (a), whereas only a single 1:1 binding state is observed for MBNL1--(CUG)~4~ (b).

Revealing the mechanism of the MBNL1--(CUG)~n~ interaction inhibition by 1 and 2
--------------------------------------------------------------------------------

We then carried out MBNL1--(CUG)~4~-binding studies in the presence of increasing concentrations of **1** and **2**. Before starting the recording, the Cy3-labeled MBNL1, and the ligands were incubated for at least 5 min in the TIRFM reaction chamber to ensure that all components of the system are at equilibrium. The difference in the dwell-time distributions for the MBNL1--(CUG)~4~ complex in the absence and presence of **1** and **2**, and therefore the difference in the apparent *k*~off~ of the MBNL1--(CUG)~4~ complex, suggested that both **1** and **2** do not act as simple competitive inhibitors, which should only affect the on-rate ([Supplementary Figures S5--S8](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt330/-/DC1)). Based on the proposed modes of (CUG)~4~ binding by the ligand and MBNL1, it is possible that both can coexist on the same (CUG)~4~ molecule: although the ligand is expected to interact with the U--U mismatch ([@gkt330-B21]), MBNL1 specifically binds to consecutive GC nucleotides ([@gkt330-B33]). The observed inhibition likely stems from the different affinity of the MBNL1 protein for naked and ligand-bound (CUG)~4~. Most of this effect originates from an increased off-rate of the (CUG)~4~--MBNL1--ligand complex compared with (CUG)~4~--MBNL1. This situation can be described by a closed scheme of linked equilibria ([Table 1](#gkt330-T1){ref-type="table"}a). Table 1.Parameters from global fitting of the dwell-time distributions to the closed (a) and open (b) schemes of linked equilibria describing state interconversion in the (CUG)~4~--MBNL1--ligand system![](gkt330t1.jpg)[^1][^2][^3]

Assumptions derived from our experimental design and conditions (described in detail in the [Supplementary Note S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt330/-/DC1)) allowed us to globally fit distributions of the time intervals between binding events, obtained at a range of ligand concentrations, to [Equation (1)](#gkt330-M1){ref-type="disp-formula"}. [Equation (1)](#gkt330-M1){ref-type="disp-formula"} assumes a simplified open scheme ([Table 1](#gkt330-T1){ref-type="table"}b) and contains a double exponential where the decay constants correspond to kinetic association constants for MBNL1 binding to (CUG)~4~, *k*~1~*,* and (CUG)~4~--I complex, *k*~3~*,* respectively. The two exponentials are weighted by the abundance of each manifold under given conditions, which are defined by the equilibrium between free and ligand-bound (CUG)~4~. The experiments were carried out in the presence of 0, 4, 20, 100 and 200 µM of ligand **1** or in the presence of 0, 0.5, 1, 2, 4, 6 and 8 µM of ligand **2**.

The closed scheme in [Table 1](#gkt330-T1){ref-type="table"}a was used to analyze the ON time distributions. These distributions were globally fit to [Equation (2)](#gkt330-M2){ref-type="disp-formula"}.

*Const* × *K*~D2~ is the weight of manifold ([@gkt330-B1]), whereas *Const* × \[I\] is the weight of manifold ([@gkt330-B2]) adjusted by the number of observed events.

These analyses yielded *K*~D2~, *k*~4~ and (*k*~−3~−*k*~−4~). Parameters *k*~−3~ and *k*~−4~ are linked as (*k*~−3~−*k*~−4~) and, therefore, cannot be determined individually by fitting but can be calculated from the linked equilibria as .

The results are summarized in the [Table 1](#gkt330-T1){ref-type="table"}.

Indicative of its function as a bivalent inhibitor, the binding affinity of **2** for (CUG)~4~ was almost 50-fold higher than that of **1**. Because neither **1** nor **2** behave as typical competitive inhibitors, but instead allow formation of the (CUG)~4~--MBNL1--ligand complex, the traditionally defined *K*~I~ is replaced by *K*~D2~, which represents the affinity of the ligand for (CUG)~4~. We can, however, define an apparent IC~50~ as the concentration of ligand at which 50% of MBNL1 is free ([Supplementary Note S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt330/-/DC1)). It is notable, however, that this apparent IC~50~ depends on the concentration of the MBNL1 and (CUG)~4~ ([Figure 5](#gkt330-F5){ref-type="fig"}) making each inhibitor to be effective in a relatively narrow concentration range. Figure 5.Theoretical curves for apparent IC~50~ values for **1** (gray) and **2** (black) at \[MBNL1\] = 5 (dashed lines) and 50 nM (solid lines). The concentration of ligand required to observe half of MBNL1 in the free form, IC~50~, depends on actual concentrations of MBNL1 and (CUG)~4~. The curves were generated based on the experimentally determined affinities shown in [Table 1](#gkt330-T1){ref-type="table"}.

At micromolar concentrations, many small molecules self-associate into colloidal aggregates that non-specifically inhibit protein activity. Aggregate-based inhibition is sensitive to detergent ([@gkt330-B34]); therefore, we confirmed that the inhibition by **2** was not affected by the presence of Triton X-100, eliminating the possibility of ligand aggregation.

To ensure that the observed inhibition mode does indeed stem from the (CUG)~4~--MBNL1--ligand complex formation and not an experimental artifact, we analyzed the (CUG)~4~--MBNL1 binding in the presence of the unlabeled MBNL1 protein, which should act a competitive inhibitor of Cy3-MBNL1 binding to the immobilized (CUG)~4~. Addition of unlabeled MBNL1 had no effect on *k*~−1~ for the (CUG)~4~--MBNL1 complex; in contrast *k*~1~ decreased proportionally to the fraction of Cy3-MBNL1 ([Supplementary Figure S9](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt330/-/DC1)). Not only did this control experiment confirm that we can clearly distinguish the different modes of inhibition but also that Cy3-labeling does not interfere with (CUG)~4~--MBNL1 interaction.

Binding affinity and MBNL1 inhibition potency of ligand 2 are nearly 100-fold that of 1 in bulk experiments
-----------------------------------------------------------------------------------------------------------

To measure the binding constants of **1** and **2** to CUG repeat by a more traditional approach, a steady-state fluorescence titration method with TAMRA-(CUG)~6~ was used. It is known that guanosine quenches the TAMRA fluorescence through photoinduced electron transfer ([@gkt330-B35],[@gkt330-B36]). Therefore, it is possible that binding of a ligand to the UU mismatch close to 5′-TAMRA makes a structural change that can lead to quenching of the 5′-TAMRA by the 3′-G in 5′-TAMRA-(CUG)~6~-3′. Ligands **1** and **2** were titrated into TAMRA-(CUG)~6~ solution.

On increasing the ligand concentration, TAMRA fluorescence intensity gradually decreased as a result of fluorophore quenching by the bound ligand. A plot of normalized fluorescence intensity versus increased concentrations of each ligand yielded a binding isotherm with *K*~D~ of 66 ± 2 µM and 318 ± 15 nM for **1** and **2**, respectively ([Figure 6](#gkt330-F6){ref-type="fig"}). These *K*~D~ values are similar to what we derived from the single-molecule study ([Table 1](#gkt330-T1){ref-type="table"}). To confirm that the observed change in TAMRA fluorescence is a direct result of the ligand binding and is not caused by RNA aggregation, we compared the absorbance of the RNA--ligand solution before and after it was filtered through 0.02-µm (Whatman Anotop 6809-1002) filter. No loss of RNA because of aggregation or precipitation was observed in the presence of the two assayed ligands (data not shown). Figure 6.Fluorescence titrations of TAMRA-(CUG)~6~ with **1** and **2**. Fluorescence intensity of TAMRA-(CUG)~6~ in the presence of increasing concentrations of **1** (gray open circles) and **2** (black filled circles). TAMRA was excited at 560 nm, and its emission was recorded at 590 nm. Error bars represent mean ± standard deviation of three replicates.

To provide a more conventional confirmation of single-molecule results, we used SPR to study the inhibition of MBNL1 binding to (CUG)~4~ and (CUG)~12~. To distinguish binding of ligands from MBNL1 to the immobilized RNA constructs, the injection of MBNL1 was preceded by ligand injection. The experiments were done in the presence of a large excess of competitor tRNA (1 µM yeast tRNA) to confirm the specificity of ligands for CUG repeat. The maximum Response Unit (RU) on MBNL1 injection at various concentrations of each inhibitor was recorded. These values were normalized and plotted versus increasing concentration of each ligand to yield a binding isotherm. Apparent IC~50~ values against (CUG)~4~ and (CUG)~12~ for **1** were 174 ± 12 and 293 ± 19 µM, respectively, whereas for **2**, the values were 1.3 ± 0.2 and 1.1 ± 0.1 µM, respectively ([Supplementary Note S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt330/-/DC1) and [Supplementary Figure S11](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt330/-/DC1)). Because of the non-competitive inhibition mechanism, IC~50~ values should depend on the concentration of immobilized (CUG)~n~ on the SPR sensor chip, which is not measurable. Nonetheless, obtaining smaller IC~50~ value for **2**, compared with **1**, is in agreement with the single-molecule results. It is noteworthy that **1** and **2** showed no binding to MBNL1 ([Supplementary Note S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt330/-/DC1) and [Supplementary Figure S12](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt330/-/DC1)).

DISCUSSION
==========

RNA is emerging as an attractive drug target because of its central role in transcription, translation and an ever-growing number of key cellular processes ([@gkt330-B37]). Most traditional RNA targeted drug discovery has focused on antibiotics and anti-HIV drug candidates ([@gkt330-B38]). However, non-coding RNA, pre-mRNA and mRNA as a drug target have recently gained significant attention ([@gkt330-B39]). In many diseases, such as DM1, targeting RNA is the most appropriate option, as the RNA is the causative agent of the pathology, whereas the protein function should not be altered ([@gkt330-B40]). Despite their potential health benefits, the development of small molecules that specifically target RNA is still in its infancy. Previous studies, including our own, have identified small molecule inhibitors of the MBNL1--CUG^exp^ interaction. In each case, it was assumed that the identified small molecule acts as a conventional competitive inhibitor. To further develop this approach to drug discovery, it is vital to establish the exact mechanism of the inhibition and ideally to provide a full kinetic and thermodynamic picture of the process ([@gkt330-B11]). Thus, we undertook the first study of its kind to provide a full description of the mechanism by which a protein--RNA interaction is inhibited at the single-molecule level.

We developed and used a TIRFM-based single-molecule analysis to study the interaction of MBNL1, a key regulatory protein in alternative splicing, and (CUG)~4~, a validated model of CUG^exp^ as well as the inhibition of this interaction by the small molecule RNA-binding ligands. This model system represents a single independent unit of RNA--protein or RNA--ligand--protein interaction. Our analysis revealed the affinity of MBNL1 for (CUG)~4~ to be 3.1 ± 0.1 nM, whereas using Electrophoretic Mobility Shift Assay (EMSA), we ([@gkt330-B21]) and others ([@gkt330-B30]) reported *K*~D~ values of 26 ± 4 and 170 ± 20 nM, respectively. This was not surprising because the single-molecule measurements were carried out under true equilibrium conditions, whereas EMSA can underestimate affinity because the short-lived complexes may dissociate while being resolved. Additionally, only productive (native) interactions between (CUG)~4~ and MBNL1 molecules were detected by the single-molecule measurements, thereby canceling out any possible errors resulting from heterogeneity of MBNL1 or (CUG)~4~.

Single-molecule analyses of the MBNL1--(CUG)~4~ interaction in the presence of two inhibitors allowed us to determine the affinities of the two tested ligands for (CUG)~4~, as well as how they affect MBNL1--(CUG)~4~ complex formation. Notably, the equilibrium dissociation constants for the ligand--(CUG)~n~ binding determined in bulk and at the single-molecule level were similar. Converging of the binding affinity of the **1**--(CUG)~n~ and **2**--(CUG)~n~ complexes (*n* = 4 or 6) measured by the fluorescence and single-molecule methods to the same value validated the single-molecule method. Our single-molecule analysis was model independent and suggested an inhibition mode that has not been considered previously: instead of competing for the same binding site, the ligands and MBNL1 can form a ternary complex on (CUG)~4~.

In the more physiologically relevant buffer used in this study, ligand **1** was a relatively weak inhibitor, which bound to (CUG)~4~ with a low affinity (i.e. *K*~D~ = 22 ± 3 µM). Moreover, it allowed MBNL1 to bind to the **1**--(CUG)~4~ complex with very high affinity (*K*~D~ = 10.2 ± 0.8 nM). This interesting finding prompted us to design more effective small molecules. We pursued a bivalent ligand with the idea that it would: (i) bind to CUG^exp^ with a higher affinity and ideally weaken the MBNL1 interaction with ligand--CUG^exp^; (ii) exhibit a longer occupancy time and increase the RNA ds stabilization, if MBNL1 indeed binds preferentially to the ss form of RNA as has been suggested ([@gkt330-B41],[@gkt330-B42]); and (iii) bind a longer segment of RNA to achieve more effective coverage and steric blocking of CUG^exp^.

To reach the drug development goals outlined earlier in the text, we designed a library of dimeric ligands and found **2** to be the most potent inhibitor of CUG repeat--MBNL1 interaction. The affinity of **2** for (CUG)~4~ was measured by the single-molecule method to be *K*~D~ = 450 ± 20 nM, a value that is almost 50-fold lower than that measured for **1**. Despite this large increase in affinity, MBNL1 can still bind to the **2**--(CUG)~4~ complex. This unexpected observation of a non-competitive inhibition mode for both **1** and **2** is the key finding of this study. Its implication for drug design is obvious. The **2**--(CUG)~4~ complex reduces the MBNL1 affinity only 6-fold relative to naked (CUG)~4~ and 2-fold relative to that measured for the **1**--(CUG)~4~ complex. Thus, tight binding is an insufficient criterion for effective inhibition because it may shift the overall equilibrium into manifold **2** of [Table 1](#gkt330-T1){ref-type="table"}a (i.e. low *K*~D2~) without necessarily affecting MBNL1 binding. Highly effective inhibition will result from agents that exhibit both tight and selective binding to CUG^exp^ (low *K*~D2~) and high *K*~D3~ values*.*

Another significant result is that the apparent IC~50~ values for the ligands depend markedly on both (CUG)~4~ and MBNL1 concentrations ([Figure 5](#gkt330-F5){ref-type="fig"}). Thus, the CUG^exp^ length and cellular copy number and the MBNL1 concentration will determine the drug effectiveness. Because the CUG repeat continues to expand over the patient's life, an ideal therapeutic agent should be able to inhibit binding of MBNL1 to CUG^exp^ over a broad range of nuclear CUG^exp^ copy number and repeat lengths. By single-molecule and bulk methods ([Figure 5](#gkt330-F5){ref-type="fig"}, [Supplementary Figure S11](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt330/-/DC1) and [Table 1](#gkt330-T1){ref-type="table"}), we found that, given the same concentration of MBNL1, **2** effectively inhibits (CUG)~n~--MBNL1 (*n* = 4 or 12) interaction to a greater extent than **1** and over a broader range of (CUG)~n~ concentrations, a trend that can be further improved in the future ligands.

In summary, this study revealed that inhibition of (CUG)~4~--MBNL1 interaction by small molecules does not occur by a simple competitive mechanism. These findings aided in the design of a more potent (CUG)~4~--MBNL1 inhibitor and are guiding our current optimization efforts. More generally, the increasingly frequent discovery of key roles for RNA outside its established role in protein synthesis suggests new opportunities for RNA-targeted therapeutics. Indeed, RNA is now a validated, yet underused drug target, with less off-pathway binding. As the development of inhibitors for protein--RNA interactions becomes more widespread, we believe the inhibition model revealed in this study will need to be considered. It is likely that the dynamic and versatile structure of RNA allows it to form ternary ligand--protein--RNA complexes, although with lower stability ([@gkt330-B43]). Finally, the single-molecule methodology described herein may prove to be a powerful method to unravel the inhibition mechanism for any biomacromolecular interaction.
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[^1]: *k*~i~ is the association rate constant, *k*~−i~ is the dissociation rate constant and *K*~Di~ = *k*~−i~/*k*~i~ is the equilibrium dissociation constant for the respective steps in the scheme. I, inhibitor (**1** or **2**).

[^2]: Unless indicated, the errors shown are standard errors from fitting the data.

[^3]: ^a^Errors were calculated as
